Abstract-Insulin is known to attenuate septic shock-induced myocardial depression. Possible mechanisms include an anti-inflammatory or inotropic effect of insulin. The objective of this study was to determine whether the mechanism of action of insulin in attenuating septic shock-induced myocardial depression is through an immunomodulatory effect. Fourteen pigs were assigned to one of two groups. Both groups received a 4-h infusion of lipopolysaccharide endotoxin from Escherichia coli 0111:B4. Group 2 additionally received insulin at 1.5 U/kg/h with infusions of D50 normal saline and KCl to maintain normal serum glucose and potassium levels. Cardiac function was measured with shortening fraction using transthoracic echocardiogram. Plasma TNF-α, IL-1β, and IL-6 levels were obtained every 30 min. Postmortem cytokine analysis and histomorphology were performed on the heart tissue. Although insulin attenuated septic shock-induced myocardial depression, this was not due to an anti-inflammatory effect and, therefore, likely resulted from an inotropic effect of insulin.
INTRODUCTION
Insulin has been shown to improve hemodynamics and cardiovascular function by ameliorating myocardial depression associated with the systemic inflammatory response [1] [2] [3] . It is not known if these beneficial cardiovascular effects of insulin are related to the anti-inflammatory effect of insulin in terms of decreasing circulating cytokines, which are known to be cardiac depressants, or if insulin improves cardiovascular function in sepsis through improving inotropy of the myocytes, or if there is another mechanism that has not yet been defined. In this study, we evaluated the immunomodulatory effect that high-dose insulin has on the heart in a porcine model of septic shock to determine whether decreasing the effect of the inflammatory profile plays a role in the improved hemodynamics seen with insulin during severe sepsis. Given the fact that a number of the inflammatory cytokines contribute to myocardial depression in sepsis [4] [5] [6] [7] [8] and that insulin decreases the production of these cytokines [9] [10] [11] [12] [13] , it is our hypothesis that the immunomodulating effect of insulin is responsible for attenuating the myocardial depression seen with sepsis.
MATERIALS AND METHODS
The protocol in this study was approved by our Institutional Animal Care and Use Committee. Fourteen Landrace-Yorkshire pigs weighing 12-16 kg were used in this study.
Anesthesia
The pigs received initial sedation with two intramuscular injections of 1 ml/kg of KAX, an anesthetic cocktail containing ketamine 23 mg/ml, azepromazine 0.58 mg/ml, and xylazine 0.8 mg/ml, administered 10 min apart. Electrocardiogram (ECG) electrodes and a pulse oxymeter probe were placed for cardiopulmonary monitoring.
Following placement of arterial and venous catheters using standard cut-down techniques, the pigs were then intubated orally or though a tracheostomy using a cuffed endotracheal tube (5.0-6.0 mm internal diameter). Using an Puritan Bennett 840 (Nellcor Puritan Bennett, Carisbad, CA, USA) or VIP Bird ventilator (Bird Products, Palms Spring, CA, USA), the animals were ventilated using volume control mode ventilation, with a tidal volume of 5-8 ml/kg, rate of 25-35 breaths per minute, positive end expiratory pressure of 5 cm H 2 O, and FiO 2 of 1.0. Arterial blood gasses were obtained at 30-min intervals using an i-STAT 1 blood chemistry analyzer (Abbott, Princeton, NJ, USA). Minute ventilation was adjusted to maintain PaCO 2 35-45 mmHg.
Continuous infusions of KAX were initiated at a dose of 9.2 mg/kg/h of ketamine, 0.23 mg/kg/h of azepromazine, and 0.32 mg/kg/h of xylazine. Additional IM doses of 5 ml of KAX were given as needed for sedation. Sufentanil was also started at 2-3 μg/kg/h and was titrated to ensure adequate anesthesia.
Experimental Protocol
Arterial blood gas and a serum cytokine level were obtained at baseline. A baseline transthoracic echocardiogram was obtained, and the shortening fraction was calculated from the parasternal short axis view at the papillary muscle level (Fig. 1) . A single attending pediatric cardiologist, who was blinded to the animals' grouping, reviewed all echocardiographic studies.
The pigs were randomly assigned to one of two groups: group 1 (control group, n=7) or group 2 (insulin group, n=7). Both groups received a continuous intravenous infusion of lipopolysaccharide (LPS) from Escherichia coli serotype 0111:B4 (Sigma-Aldrich, St. Louis, MO, USA), which has been shown to induce a hypodynamic cardiovascular state that mimics the hemodynamic effects of septic shock typically seen in the pediatric patient population [14] [15] [16] . The infusion began at 0.625 μg/kg/h and was doubled every 15 min to a maximum dose of 5 μg/kg/h. The infusion was maintained at this maximum rate for 1.25 h and then dropped to the initial dose of 0.625 μg/kg/h for the remainder of the study (total=300 min). Both groups received an infusion of 0.9 % normal saline at a rate of 20 ml/kg/h that was started simultaneously with the toxin infusion to maintain the intravascular volume during the toxin infusion. Additional fluid boluses of 10-20 ml/kg of 0.9 % normal saline were administered as needed to maintain systolic blood pressure above 70 mmHg and diastolic blood pressures above 30 mmHg. Group 1 also received 0.9 % normal saline with 10 % dextrose and 20 mEq/l of potassium chloride (KCl) at a maintenance rate. Group 2 received dextrose containing fluids as described in the algorithm below.
In addition to the LPS, group 2 received regular insulin (Novolin R, Novo Nordisk, Princeton, NJ, USA) at an infusion rate of 1.5 U/kg/h. This dose has been shown in prior studies to improve cardiac function in states of impaired cardiac function and to provide an anti-inflammatory effect [1, 9] . Bedsides, glucose checks were performed on both groups every 30 min. Group 2 received continuous fluid infusions from two different solutions: one bag containing 0.9 % normal saline and a second bag containing normal saline with 50 % dextrose (D50) and 20 mEq/l of potassium chloride (KCl). The fluids were titrated between the two solutions to achieve a target blood glucose of 100-200 according to the following algorithm:
& The fluids were started with the 50 % dextrose solution infused at a maintenance rate and the 0.9 % normal saline infused at a rate of 20 ml/kg/h minus the volume of the insulin. & If blood glucose dropped below 100 mg/dl on the bedside glucose test, the D50 normal saline solution was increased by 20 % with a parallel decrease in the 0.9 % normal saline. & If blood glucose was greater than 200, the D50 normal saline solution was decreased by 20 % with a parallel increase in the 0.9 % normal saline. & This algorithm was followed with each blood glucose check.
Serum electrolytes were analyzed every 30 min using an i-STAT blood chemistry analyzer (Abbott). When the serum potassium fell below 3 mEq/l, a continuous infusion of KCl was started at 1 mEq/kg/h. The rate of the KCl infusion was adjusted throughout the study to maintain the serum potassium greater than 3 mEq/l.
Plasma levels of TNFα, IL-1β, and IL-6 were obtained at 30-min intervals throughout the protocol. The shortening fraction was reevaluated using transthoracic echocardiogram 2 h after the LPS infusion was initiated, using the same parameters as described earlier.
At the end of the 300-min protocol, the animals were humanely killed with an intravenous bolus of ketamine (30 mg/kg) as well as 3 μg/kg of sufentanil. This was followed by thoracotomy and pulmonary exsanguination by isolating the pulmonary artery and flushing the lungs with Millonig buffer solution (37.42 g NaH2PO4:H20, 9.66 gm NaOH, 17.4 g glucose, and 220 U heparin).
Samples (approximately 2 cm 3 ) of the left and right ventricles were harvested and placed in 10 % buffered formalin for subsequent paraffin embedding, sectioning, and staining with hematoxylin and eosin for histological evaluation. Additional samples of both ventricles were instantly obtained and snap frozen in liquid nitrogen. The samples were stored at −70°C until assaying for quantitative cytokine analysis.
Histology Analysis
Formalin-fixed cardiac tissue was processed following paraffin embedding. Sections of 5 μM were cut for slide preparation. Tissue was stained with hematoxylin and eosin and visualized at 10-200× magnification using an Eclipse 80i light microscope (Nikon, Tokyo, Japan) equipped with a digital camera (Digital Sight DS-SM; Nikon).
Cytokine Analysis
Plasma was obtained at 30-min intervals throughout the study protocol. These samples were centrifuged immediately at 2000 RCF for 20 min at 4°C. The plasma was separated from the supernatant, quick frozen in liquid nitrogen, and placed in a freezer at −70°C where they were stored until the cytokine studies were performed.
Quantitative cytokine analysis was performed on tissue homogenates of the right and left ventricles. The previously frozen samples were removed from the −70°C freezer and placed on dry ice. Right ventricle and left ventricle tissues (200 mg) were separated from the stock into a microcentrifuge tube and crushed using scissors and a pellet pestle attached to a motor. The sample was then homogenized in 1 ml of radioimmunoprecipitation assay (RIPA) buffer (Sigma-Aldrich) with protease inhibitor cocktail (Sigma-Aldrich) at 1:100 dilution. Five microliters of RIPA buffer was used for 1 mg heart tissue. The sample was then incubated on ice for 5 min, after which it was centrifuged at 12,000g for 10 min at 4°C. The supernatant containing the soluble protein was transferred to tubes for storage, quick frozen in liquid nitrogen, and stored at −70°C for future use.
The levels of TNF-α, IL-6, and IL-1β in the plasma and tissue homogenates were measured with quantitative ELISA using commercially available porcine TNF-α, IL-6, and IL-1β ELISA kits (R&D Systems, Minneapolis, MN, USA). All samples were appropriately diluted to fall within the detection range of each assay, and all samples and standards were assayed in duplicate.
The test sensitivity for respective immunoassays was as follows: TNF-α (2.8-5.0 pg/ml), IL-6 (0.68-4.30 pg/ ml), and IL-1β (2.65-13.6 pg/ml). Inter-and intra-assay coefficients of variance were less than 10 %.
Statistical Analysis
Baseline and postbaseline measurements are summarized by mean and standard error (SE) of mean presented as a function of group and time. A two-sample t test was used to compare the mean baseline characteristics between the control and insulin groups. An analysis of covariance model was performed to compare the mean hemodynamic parameters (heart rate, mean arterial pressure [MAP] , mean airway pressure [MAWP], PIP, PaO 2 /FiO 2 , base deficit, and shunt fraction) at 2 h postinjury between the control and insulin groups after adjusting for baseline. The change from baseline measurement was used as the response, the group (control vs. insulin) as a factor, and the baseline measurement as a covariate. A mixed-model, repeatedmeasures analysis of variance was used to compare the mean differences of natural log-transformed cytokines (TNF-α, IL-1β, and IL-6) in plasma between the control and insulin groups over time. The natural log-transformed heart tissue cytokine (of left ventricle and right ventricle) measurements (TNF-α, IL-1β, and IL-6) of the control and insulin groups were compared using a two-sample t test. All analyses were two-tailed at 5 % level of significance and were performed using the statistical package SPSS version 19.0 (SPSS, Chicago, IL, USA). Significance was accepted at P<0.05 (n=7) for each group.
RESULTS
The continuous intravenous infusion of LPS as described above resulted in observable changes in vital signs and ventilator support in several pilot studies. These studies were performed to establish the timeframe and current septic shock-induced myocardial depression in a porcine model. In the current prospective study, three of the animals died suddenly within the last hour, before the end of the study, because of development of a pneumothorax, which was related to an unforeseen ventilator malfunction. Because of the attrition of animals and the acute nature of this model (pilot studies), we elected to report our hemodynamic parameters and shortening fraction data for each group at baseline and at 2 h to capture a good sample size of viable animals. As shown in Table 1 , at baseline, there was little difference between groups with respect to hemodynamics with the exception of MAP (one animal had a large drop in MAP. We did not consider this difference in baseline MAP between the two groups to be a clinically significant finding, given the fact that this parameter was affected by a transient drop of baseline MAP in one animal.) At 2 h, there was a trending deterioration in hemodynamics (increase in heart rate, MAWP, PIP, and shunt fraction; decrease in PaO 2 /FiO 2 ) in both groups.
Shortening Fraction
Results from the mean shortening fraction analysis are presented in Fig. 2 as a function of time (baseline and 120 min) and group (control and insulin). As shown, the mean shortening fraction decreased 27 % for the animals in the control group (P=0.019) but not for the animals in the insulin group (decline of 12 %, P=0.213).
Serum Cytokine Levels
The differences in mean serum cytokine levels between the two groups, looking at both time and group effects, are presented in Figs. 3, 4 , and 5. As noted in Fig. 3b , the mean IL-1β concentrations in plasma for the control and insulin groups are presented as a function of time during the experiment. Natural log-transformed mean plasma IL-1β was different between the groups at 2, 2.5, 3, and 3.5 h (P<0.05). In addition, there was an increase in natural log-transformed mean IL-1β (time effect) for the control group at 2.5, 3, and 3.5 h and for the insulin group at 3.5 h.
Mean TNF-α concentrations in plasma for the control and insulin groups during the study are presented in Fig. 3a . Natural log-transformed plasma TNF-α concentration was different between the groups at 1.5 and 2 h (P<0.05). In addition, TNF-α concentration increased for both groups over time and peaked at 2.5 h for the control group and 3 h for the insulin groups.
As illustrated in Fig. 3c , mean IL-6 concentrations in plasma for the control and insulin groups showed no difference between groups (P>0.05); however, IL-6 increased over time for both groups. Also, it is noteworthy that both groups reached the same plasma level at 3.5 h.
Right and Left Ventricle Cytokine Levels
The mean cytokine profiles for heart homogenates from left and right ventricles (end point of the experiment) for the control and insulin groups are presented in Fig. 4 . As shown, the mean TNF-α concentration of the insulin group was 85 % greater in both the right and left ventricles compared to the control group (P<0.05). There was no difference in IL-1β or IL-6 between groups.
Histology
Representative images of tissue from the left and right ventricles stained with hematoxylin and eosin are shown in Fig. 5 . Evaluation of the slides reveals a similar degree of inflammation in the heart tissue samples from both groups.
DISCUSSION
The purpose of this study was to assess the role that the immunomodulating effect of insulin plays in attenuating septic shock-induced myocardial depression. As demonstrated by both the changes in the hemodynamic data from baseline to the 2-h mark and the rise in the serum cytokine concentrations, the LPS infusion produced septic shock in these animals with an associated systemic inflammatory response syndrome. When subjected to septic shock induced by E. coli LPS endotoxin, the animals in the group that were treated with high-dose insulin did have attenuation in the decline of their shortening fraction compared with the control group. Fluid boluses with normal saline were administered to maintain adequate hemodynamic profiles in both groups to demonstrate that changes in shortening fraction between the groups are, in fact, due to changes in contractility from the myocardial depression rather than due to compensatory changes in response to abnormal hemodynamics. This effect of insulin was independent of its effect on serum glucose concentration, as the dextrose infusions in both groups were adjusted to maintain the serum glucose level within a similar range in both groups. However, even though the serum levels of TNF-α, IL-1β, and IL-6 demonstrated a high level of inflammation in both groups, analysis of the right and left ventricle IL-6 and IL-1β concentrations showed an insignificant difference in cytokine levels between the two groups. Analysis of the TNF-α concentration in the right and left ventricles demonstrated that the insulin group actually had a higher concentration of TNF-α than the control group. Based on previous studies, which demonstrate that the myocardial depressive effects of the inflammatory cytokines are due to their direct effect on the myocytes and not to soluble serum receptors, we attributed greater importance to the tissue cytokine levels compared with the serum levels [17] [18] [19] .
The etiology of septic shock-induced cardiac dysfunction can be subdivided into three categories as follows: mechanical causes, metabolic causes, and inflammatory causes. In terms of mechanics, myocardial edema due to vascular leakage caused by the inflammatory state can decrease cardiac compliance, contractility, and overall function [7] . From a metabolic standpoint, the myocardial depression can be attributed to decreased production of ATP, as the myocytes of septic patients have a decreased uptake of glucose, ketone bodies, and free fatty acids, all while the heart is in a hypermetabolic state [7, 20] . Mitochondrial dysfunction is also present in sepsis with the inflammatory state causing mitochondrial structural damage and decreased activity of the electron transport chain leading to decreased ATP production [7] . Finally, there is also an inflammatory component to the myocardial depressive effects of septic shock, which is considered to be the most significant cause for the myocardial dysfunction induced by sepsis [4] .
Parrillo et al. [21] demonstrated that serum taken from patients in the acute phase of sepsis had a depressive effect on the contractile property of isolated rat myocytes [21] . It was subsequently shown that TNF-α, IL-1β, and IL-6 were responsible for these myocardial depressive effects [4, 6, 7] . Both endotoxin and cytokines lead to a suppression of L-type calcium current, with an accompanied reduction in systolic intracellular calcium concentration and decreased cell contractility [7, [22] [23] [24] .
A number of studies have demonstrated improved hemodynamics following administration of high-dose Physiological parameters (means ± SEM) measured as a function of group at baseline and 2 h BL baseline, HR heart rate, MAP mean arterial pressure, MAWP mean airway pressure, PIP peak inspiratory pressure, P is the P value to compare baseline-adjusted mean hemodynamics between control and insulin group Fig. 3 . a TNF-α concentrations in plasma for the control and insulin groups during the experiment. Mean natural log-transformed plasma TNF-α was significantly different between groups at 1.5 and 2 h (P<0.05); TNF-α increased for both groups over time and peaked at 2.5 h for the control group and 3 h for the insulin group. Data are mean ± SEM and n=7 for each condition. *P<0.05 for time; **P<0.001 for time; †P<0.05 for group. b IL-1β concentrations in plasma for the control and insulin groups during experiment. Natural log-transformed mean plasma IL-1β was significantly different between groups at 2, 2.5, 3, and 3.5 h (P<0.05); there was a significant increase in natural log-transformed mean IL-1β (time effect) for the control group at 2.5, 3, and 3.5 h and for the insulin group at 3.5 h. Data are mean ± SEM and n=7 for each condition. *P<0.05 for time; †P<0.05 for group. c IL-6 concentrations in plasma for the control and insulin groups during the experiment. Plasma IL-6 showed no significant difference between groups (P>0.05). IL-6 increased over time for both groups. Data are mean ± SEM and n=7 for each condition. *P<0.05 for time; **P<0.001 for time. , and IL-6 (c) concentrations in heart homogenates from left and right ventricles at the endpoint of the experiment for the control and insulin groups. The mean TNF-α concentration of the insulin group was greater than that of the control group (P<0.05). There was no significant difference between the groups in mean IL-1β and IL-6. Data are mean ± SEM and n=7 for each condition. †P<0.05 for group.
insulin in septic shock. Bronsveld et al. [1] reported their experience administering high-dose insulin (1.5 U/kg) together with glucose and potassium to 15 patients with hypotension and elevated serum lactate levels that were refractory to fluid resuscitation and vasoactive medications. Following the administration of the insulin, they observed an increase in the cardiac index as well as a decrease in the systemic vascular resistance [1] . In a porcine model of septic shock using LPS endotoxin, Holger et al. [15] demonstrated an improvement in cardiac output, SVO 2 , oxygen delivery, systemic vascular resistance, and pulmonary vascular resistance in a group that was treated with high-dose insulin plus fluid resuscitation and compared with a group receiving fluid resuscitation alone. Although the precise mechanism through which insulin improves cardiac performance in septic shock has not been identified, speculation has focused on two mechanisms as follows: the anti-inflammatory effect and an inotropic effect. One of the primary positive inotropic effects that insulin has on the cardiac myocyte is its effect on calcium flux. Aulbach et al. [25] demonstrated that insulin increases the intracellular calcium concentration of the myocytes by increasing conductance of calcium through the L-type calcium channels and by increasing intracellular concentration of cAMP [25] . Insulin also leads to an increased influx of calcium into the myocyte through enhanced stimulation of the Na + -Ca 2+ exchanger's reverse mode, which brings calcium into the cell in exchange for sodium, which is transported out of the cell. This effect is mediated either directly, through the activation of PI-3-kinase [26, 27] , or indirectly, through increased activation of the Na + -H + exchanger, which transports Na + into the cell in exchange for H + . By enhancing the activity of the Na + -H + exchanger, thereby increasing the intracellular sodium concentration, the reverse mode of the Na + -Ca 2+ exchanger is activated, which will extrude Na from the cell in exchange for calcium [26, 28] . Insulin also promotes a positive inotropic effect through enhancing the SR Ca 2+ uptake of calcium into the sarcoplasmic reticulum [26] [27] [28] . These effects may be significant in combating the myocardial depressive effect of the various cytokines that are active in sepsis. In addition to increasing the intracellular calcium concentration, insulin also enhances the responsiveness of the myocytes to calcium [26] .
Insulin also has significant anti-inflammatory effects that may benefit patients with septic shock-induced myocardial depression [9] . Insulin has been shown to decrease the concentration of circulating TNF-α, IL-6, and IL-1β [9, 11, 29] . Because these cytokines are known to be myocardial depressants [30] , the cytokine-lowering effect of insulin is a potential etiology for the mechanism through which insulin ameliorates the myocardial depression in sepsis [2] . It is likely that the effect that insulin has on these inflammatory cytokines is related to its effect on NF-κβ, as insulin has been shown to decrease significantly the intranuclear NF-κβ concentration and to increase the NF-κβ inhibitor, IκB, which binds to NF-κβ in the cytosol, preventing its translocation into the nucleus. Insulin also inhibits the expression of intracellular adhesion molecule-1 (ICAM-1) in cultured human epithelial cells, likely through enhanced production of nitric oxide. ICAM-1 plays a central role in the inflammatory cascade by allowing monocyte adhesion to the epithelium, thereby initiating the inflammatory process. Decreasing the expression of ICAM-1 could have an impact on attenuating a potential inflammatory response [31] . Because this present study failed to demonstrate a greater degree of inflammation in the control group compared with the insulin group in tissue cytokine levels, a finding corroborated by the histological analysis, it is our conclusion that although insulin does appear to lessen the myocardial depressive effects of septic shock, it does not appear to do so through an anti-inflammatory effect on the cardiac myocytes. It is, therefore, likely that this effect seen with high-dose insulin is due to its positive inotropic qualities. These findings add to our understanding regarding the mechanism of action of insulin in this role, as a potential therapy for hypodynamic septic shock.
This study had a number of limitations. Although the use of LPS endotoxin as a continuous infusion with titration in the dose of endotoxin units is a well-established model of septic shock, it may not reflect physiologic conditions seen in sepsis, which typically has a large release of endotoxin that is not sustained throughout the period of sepsis. Secondly, the purpose of this study was to evaluate the mechanism through which insulin improves the hemodynamics in sepsis. As such, we felt initiating the insulin infusion at the beginning of the protocol would allow us to produce this effect in a controlled manner. This does not reflect the way that insulin would be used for these purposes in a clinical setting, where it is used as a rescue therapy. Additionally, we decided to measure heart function with transthoracic echocardiograms rather than with invasive hemodynamic monitoring. This decision was made to mimic what is done clinically, as invasive hemodynamic monitoring is not routinely used in pediatric patients with septic shock [32, 33] . All animals that survived 4 h did receive a third echocardiogram at that time; however, due to high loss of animals at that point in the protocol, data collected from the third echocardiogram were not amenable to meaningful statistical analysis. Finally, the focus of this study was to delineate the mechanism through which insulin attenuates septic shock-induced myocardial depression. Follow-up studies are warranted to determine the impact that this intervention has on overall survival in patients with septic shock.
CONCLUSIONS
In this porcine model of septic shock, the use of high-dose insulin did appear to lessen the degree of myocardial depression seen with septic shock. Analysis of both heart tissue cytokine levels, as well as histology of the tissue, pointed to a mechanism other than an antiinflammatory effect as being the cause of this attenuation in myocardial depression. It is likely that an inotropic effect of high-dose insulin is what led to the improved cardiac function seen in this and other septic shock models. Further studies to evaluate the mechanism by which insulin improves cardiac function, focusing on a potential primary inotropic effect, are warranted.
